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SUMMARY
In the present study, spray-dried whey protein concentrate–iron (WPC–Fe) complex was 
prepared using a laboratory-scale spray drier under the optimized conditions of inlet tem-
perature 180 °C, flow rate 2.66 mL/min and total solids 15 % with the objective to make iron 
compatible with food products. In order to remove the free iron from the bound iron, stand-
ardised method involving centrifugation and ultrafiltration was employed. Further, the reten-
tate was subjected to spray drying to produce WPC–Fe complex. Milk fortified with WPC–Fe 
complex (γ(iron)=15 mg/L) showed non-significant difference in heat stability, rennet coagu-
lation time, colour estimation, curd tension, viscosity and sensory attributes as compared to 
control milk. In vitro bioaccessibility of iron and induction period of the fat from milk fortified 
with WPC–Fe complex were found to be slightly higher (p<0.05) than that of milk fortified 
with iron alone. Therefore, milk can be fortified with up to 15 mg/L iron in the form of WPC–
Fe complex without significantly affecting its physicochemical properties.
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INTRODUCTION
Iron deficiency is usually the result of inadequate dietary intake of iron, poor utilization 
of iron from ingested food, or a combination of the two. Iron deficiency anaemia often re-
sults in chronic heart failure, kidney disease, cancer and inflammatory bowel disease (1). 
Currently, there is a number of iron sources available as food fortificants. Based on bioavail-
ability, they are classified into two groups: the highly bioavailable iron sources (e.g. ferrous 
sulfate and ferrous fumarate), which may cause organoleptic changes such as poor prod-
uct acceptability and shortened shelf life, and those with poor bioavailability (e.g. iron(III) 
diphosphate and reduced iron), which are more compatible with the foods (2). The chal-
lenge for the food scientists and the food industry is to develop a fortification technology 
that will make either the bioavailable iron sources compatible with the food vehicle or the 
compatible ones more bioavailable.
Different forms of micronutrients ranging from mineral salts to mineral chelates are 
available that have been approved as suitable mineral sources for food fortification (3). 
The effectiveness of these fortificants is strongly influenced by iron absorption enhancers 
and inhibitors in the diet. Direct addition of iron to milk or dairy products induces several 
physicochemical changes like chemical reactivity with the milk components, lack of sta-
bility under food processing and storage conditions and decreased bioavailability of the 
fortificants (4). In order to increase the lipid oxidative stability and to control metal reactiv-
ity, the food industry uses divalent ion chelators such as Na-EDTA, citric, malic and phytic 
acids or antioxidants which adversely affect the functionality of other food components 
(5). There is an increasing global demand for cheap and effective iron fortificants to com-
bat iron deficiency. The success of iron fortification is dependent on delivering a significant 
level of bioavailable iron without affecting the taste and appearance of the final product. 
Cheese whey, a by product of cheese-producing industries, is considered as an envi-
ronmental pollutant due to its high biochemical and chemical oxygen demand. The high 
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organic load of whey arises from the presence of residual 
milk components. Increased production of whey as a result 
of an increase in the demand for dairy products poses a se-
vere management problem. In order to overcome this prob-
lem, various technological methods have been employed to 
convert whey into value-added products (6). Milk proteins 
can act as natural antioxidants by binding minerals and thus 
inhibiting the oxidation reactions (7). Whey protein concen-
trate (WPC), because of its structural and functional prop-
erties and easy availability in the industry, was used in this 
study for complex formation with iron. Limited attempts have 
been made for the determination of iron-binding ability of 
WPC and the feasibility of such complex as a food fortificant. 
WPC–iron (WPC–Fe) complex prepared using lyophilisation 
showed better solubility, yield and also fairly high capacity of 
mineral retention than complexes formed using milk protein 
concentrate and sodium caseinate (8). However, lyophilisa-
tion is time-consuming and costly process (9) and hence not 
feasible for commercial application. Moreover, it also requires 
an additional milling step to produce particles of definite size. 
Spray drying is a fast, continuous, cost-effective, reproducible, 
scalable and well-established technique for the production of 
dry powders from a solution by atomization into hot drying air 
(10,11). It has always remained an active field of innovation in 
pharmaceutical, food and flavour industry (10,12). 
Milk is a relatively poor source of iron (0.2–0.5 mg/L) so 
milk and milk products are generally selected for micronu-
trient fortification as they are processed through centralized 
control systems, regularly consumed by all age and social 
groups, and also because the stability and bioavailability of 
the nutrients remain high (6). The aim of the present work is 
to provide a form of organic fortificant that can provide one-
-third of the recommended daily allowance (8 and 18 mg/day 
for men and women, respectively) (13) of iron per serving of 
milk with minimum changes in its sensory and physicochemi-
cal aspects. Therefore, in the present study, spray-dried WPC– 
-Fe complex is added to milk to overcome the limitations as-
sociated with other inorganic iron fortificants.
MATERIALS AND METHODS
Materials
Whey protein concentrate (WPC) containing 80 % protein 
(WPC 80) was procured from Davisco Foods International Co. 
(Le Suer, MN, USA) and FeSO4·7H2O from Sigma Aldrich, Merck 
(St. Louis, MO, USA). 
Preparation of WPC–Fe complex
WPC–Fe complex was prepared by following the meth-
od of Shilpashree (8) with some modifications, viz. produc-
tion of powder by spray drying instead of lyophillization. WPC 
1.0 % solution was prepared in deionised water and iron solu-
tion was added gradually to obtain a final iron concentration 
of 3 mM with constant stirring at 600 rpm using magnetic 
stirrer (SPINOT MC 02; Tarsons Products Pvt. Ltd., Kolkata, In-
dia). The pH of the solution was adjusted to 6.6 and was left 
undisturbed at 20 °C for 2 h. The mixture was then centrifuged 
(high-speed refrigerated centrifuge model 6500; KUBOTA Cor-
poration, Tokyo, Japan) at 12 000×g and 20 °C for 30 min. Su-
pernatant containing soluble iron and protein was carefully 
decanted and filtered through Whatman no. 1. Further, the 
filtered supernatant was passed through a Hydrosart® ultrafil-
tration cassette (M=10 kDa; Sartorius India Pvt. Ltd., Mumbai, 
India) to separate the soluble bound iron (retentate) from the 
soluble free iron (permeate). The retentate was concentrated 
to 15 % total solids and subsequently spray dried.
Production of WPC–Fe complex 
A tabletop spray dryer (SPD-P-111; Technosearch Instru-
ments, Mumbai, India) equipped with co-current nozzle was 
used for the manufacture of spray-dried WPC–Fe complex. 
Processing conditions used were: inlet temperature 180 °C, 
15 % total solids in the WPC–Fe complex solution and flow rate 
2.66 mL/min. Central composite rotatable design (CCRD) of 
response surface methodology using Design-Expert v. 10.0.8 
(14) optimized these conditions at which maximum yield, sol-
ubility and minimum moisture content were obtained.
Fortification of WPC–Fe complex in toned milk 
Collection of milk samples
Fresh cow and buffalo milk were collected from the herd 
of cows and buffaloes maintained in the cattle yard of Nation-
al Dairy Research Institute, Karnal, Haryana, India, and mixed in 
equal proportions (1:1). The mixed milk was then standardised 
to obtain toned milk (3 % fat and 8.5 % solids-not-fat (SNF)).
Addition of iron to milk
Four different concentrations of iron (in the form of  WPC-Fe 
complex and FeSO4) were selected, viz. 10, 15, 20 and 25 mg/L, 
and the most suitable concentration was optimized for the for-
tification of toned milk on the basis of sensory evaluation.
Technology of fortification
Toned milk was taken in clean and dried conical flasks and 
the fortificant (both WPC–Fe complex and FeSO4) was added 
to obtain concentrations of 10, 15, 20 and 25 mg/L of iron in 
the milk. Fortificants were then mixed for 10 min with the help 
of magnetic stirrer (SPINOT MC 02; Tarsons Products Pvt. Ltd.) 
at 600 rpm for the complete dissolution. After the addition of 
fortificant, the milk was heated at 63 °C for 30 min followed 
by cooling to 4 °C in an ice bath. 
Sensory evaluation
Sensory analysis of both fresh and stored milk samples 
was conducted after keeping the pasteurised samples under 
refrigerated conditions (4–7 °C) for 2 h. Optimization of iron 
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level (both WPC–Fe complex and FeSO4) for milk fortification 
was done on the basis of sensory acceptability. Sensory eval-
uation was carried out by a panel of fifteen trained judges 
(10 males and 5 females, 21–30 years of age) who were asked 
to grade any change in colour and appearance, odour, taste 
and mouthfeel of the fortified milk as compared to control 
sample. Standard composite score card for sensory analysis 
of pasteurised milk given by Bureau of Indian Standards (BIS) 
(15) with slight modifications was used. In flavour character-
istics, the main focus was on metallic, rancid and oxidized 
flavour. All sensory assessments took place at Dairy Chemis-
try Department of National Dairy Research Institute, Karnal, 
Haryana, India. The sensory booth environment was held at 
a constant temperature (20 °C), red lighting was used to ob-
scure any colour differences between the samples and a pos-
itive airflow removed any odours from the testing area. Saline 
water (0.89 % NaCl solution at room temperature) was pro-
vided as palate cleanser for rinsing the mouth and cleaning 
the tongue before testing each sample.  
Heat stability
After the adjustment of pH, the heat stability of control 
milk and that of the milk fortified with iron as WPC–Fe com-
plex and iron salt was determined as heat coagulation time 
according to the method of Jairam et al. (16). Each milk sample 
was divided into eight lots of 50 mL and adjusted to (20±0.1) 
°C in a water bath (SUB Aqua 18 Plus; Grant Instruments, Cam-
bridge, UK). The first lot was kept as control and the pH of 
other lots was adjusted between 6.4 and 7.0 at 0.1 pH unit in-
terval with the addition of acid or base when necessary. After 
the adjustment of pH, all the lots of milk were kept at refrig-
erated temperature (4–7 °C) for 30 min and temperature was 
then brought to (20±0.1) °C in a water bath. The pH of the lots 
was readjusted with the addition of either acid or base when 
necessary. Food grade stabilisers, viz. NaH2PO4 and Na2HPO4 
(Sigma Aldrich, Merck, St. Louis, MO, USA) were used for ad-
justment of milk pH.
For the determination of heat stability of individual milk 
samples, 2 mL of milk from each lot were taken in Corning 
glass tube (10 cm long, 8 mm internal diameter) in duplicates 
and corked at both ends with silicone rubber corks. The tubes 
were then rocked at the rate of 8 cycles per minute in a met-
al carriage inside the hot ((140±1.0) °C) paraffin oil in a ther-
mostatically controlled oil bath (Akash Deep Scientific Indus-
tries, New Delhi, India). The heat coagulation time in minutes 
was recorded as the time elapsed between the moment the 
tubes were dipped into the oil and the appearance of first vis-
ible clot. To facilitate the observation of clotting, a lamp was 
used which illuminated the samples from above. The heat co-
agulation time was recorded using a stopwatch. The graphs 
were then drawn between heat coagulation times (min) on 
the y-axis and pH on the x-axis. Heat stability was determined 
from the maxima of the heat coagulation time/pH graph thus 
obtained.  
Colour estimation
Hunter Lab ColorFlex Colorimeter (Hunter Associates Lab-
oratory Inc., Reston, VA, USA) was used to measure the change 
of the colour of milk with the addition of iron in the form of 
WPC–Fe complex as compared to that with added FeSO4. Milk 
samples were heated (63 °C/30 min) and stored under refrig-
erated conditions (4–7 °C) for 24 h. Then they were brought 
to room temperature and colour measurements were done in 
terms of L* [dark (0–50) and light (50–100)], a* [green (nega-
tive numbers) and red (positive numbers)] and b* [blue (neg-
ative numbers) and yellow (positive numbers)]. 
Rennet coagulation time
Rennet coagulation time of control and milk fortified with 
WPC–Fe complex and iron salt was determined according to 
the method described by Berridge (17). A volume of 10 mL 
milk was transferred to a test tube and 1 mL of 0.2 % rennet 
solution was added to it. The contents were mixed by tilting 
the test tube at an angle of 45° and the appearance of the first 
clot was monitored at regular intervals. The time taken from 
the point of addition of rennet solution to milk to the observa-
tion of the first clot was noted as rennet coagulation time. The 
experiment was conducted using thermostatically controlled 
water bath (SUB Aqua 18 Plus; Grant Instruments) at (30±1) °C.
Curd tension 
Curd tension of control and milk fortified with WPC–Fe 
complex and iron salt was determined as per the method de-
scribed by Chandrasekhara et al. (18). A simple type of curd 
tension meter was employed. It consisted of three sharp stain-
less steel knives of the size 2.54 cm×0.64 cm, welded in the 
form of ’H‘. A thin vertical rod was bent in the form of a hook 
which was attached to the thread carrying the pan over a fric-
tionless pulley. The curd tension of milk samples was deter-
mined in uniform size beakers of 100 mL capacity. A volume 
of 50 mL milk was taken in a beaker and heated at (30±1) °C. 
The curd tension knife was then placed in the beaker and 0.5 
mL of 0.015 % (m/V) Meito microbial rennet (Meito Sangyo 
Co., Ltd., Tokyo, Japan) was added. Milk was stirred immedi-
ately and placed in a BOD Incubator (Narang Scientific Works 
Pvt. Ltd, New Delhi, India) maintained at (30±1) °C. The pan 
was loaded with weights until the curd tension knife was able 
to cut its way through the curd. The mass expressed in grams 
was taken as a measure of curd tension.
In vitro bioaccessibility of iron from milk fortified  
with WPC–Fe complex 
Bioaccessibility of control and milk fortified with WPC– 
-Fe complex and iron salt was evaluated by dialysis method 
of Sachdeva et al. (19). Approximately 5 mL sample solution 
(WPC–Fe and FeSO4 adjusted to 500 µM iron concentration) 
were transferred to a flask and prepared saliva solution (1.92 mL, 
pH=6.5; Sigma Aldrich, Merck) was added, after which the 
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samples were incubated in a shaking water bath (SUB Aqua 
18 Plus; Grant Instruments) at 37 °C and 95 rpm for 5 min. After 
incubation, gastric juice (2.89 mL; Sigma Aldrich, Merck) was 
added, pH was adjusted to 1.1 with HCl (Sigma Aldrich, Merck) 
and the solution was incubated at 37 °C for 2 h. Freshly pre-
pared duodenal juice (5.35 mL; Sigma Aldrich, Merck) and bile 
solution (1.92 mL; Sigma Aldrich, Merck) on the day of the assay 
were added to the solution after neutralisation of the pH (7.8). 
Final volume was approx. 15 mL, which was then incubated at 
37 °C for 3 h. Next, the solution was transferred to an Amicon 
UF centrifuge tube (Sigma Aldrich, Merck) (molecular mass cut- 
-off 10 kDa) and centrifuged in a high-speed refrigerated cen-
trifuge (KUBOTA model 6500; KUBOTA Corporation) at 5000 
rpm for 30 min. Iron content in the permeate was then deter-
mined by atomic absorption spectrophotometer (AAS) (Shi-
madzu, Tokyo, Japan) to estimate the digestibility of the added 
iron under simulated gastrointestinal conditions. Bioaccessi-
bility of iron was calculated from the concentration of the iron 
that had passed the ultrafiltration membrane proportional to 





















where γ(Fe) is the concentration of iron in mg/L.
Storage studies
Milk samples fortified with iron (WPC–Fe complex and 
iron salt (γ(iron)=15 mg/L)) along with control samples were 
stored at refrigerated temperature (4–7 °C) for 7 days. Then, 
each milk sample was evaluated for sensory acceptability, vis-
cosity and oxidative stability.
Absolute viscosity
The kinematic viscosity of control and milk fortified with 
WPC–Fe complex and iron salt samples at 27 °C was measured 
with an Ostwald viscometer (LABCO® Laboratory Glassware 
Co, Ambala, India). The density of samples at 27 °C was an-
alysed using pycnometer (LABCO Laboratory Glassware Co). 
Temperature was maintained at exactly 27 °C in thermostat-
ically controlled transparent glass water bath (SUB Aqua 18 
Plus, Grant Instruments). The absolute viscosity (in mPa·s) was 
calculated according to the equation (20):
 μ=ν·ρ /2/
where µ is the absolute (dynamic) viscosity, ν is kinematic vis-
cosity (cm2/s) and ρ is density (g/cm3).
Oxidative stability
Control and fortified milk samples were pasteurised and 
stored in polyethylene pouches and glass bottles under re-
frigerated conditions (4–7 °C) for 7 days. To check the effect 
of WPC–Fe complex fortification on the oxidative stability of 
milk, cream was separated from each sample at the beginning, 
and on the 3rd, 5th and 7th day of storage, clarified into ghee 
at 120 °C (20) and filtered. These ghee samples were used to 
determine the oxidative stability using the following param-
eters: thiobarbituric acid (TBA) test (21), induction time (22), 
peroxide value and free fatty acid content (23).
TBA value of the fat extracted from the milk fortified with 
WPC–Fe complex 
TBA value of the fat extracted from milk fortified with 
WPC–Fe complex was evaluated by the method described by 
Sidwell et al. (21). The secondary oxidation products were ana-
lysed using spectrophotometer (UV-2700; Shimadzu Corpora-
tion, Kyoto, Japan). A mass of 3.0 g of molten fat was weighed 
accurately in a glass stoppered test tube. To this, 10.0 mL CCl4 
and 10.0 mL TBA reagent (both from Sigma Aldrich, Merck) 
were added. The content was shaken (Spinix vortex shaker 3020; 
Tarsons Products Pvt. Ltd) vigorously at about 125 rpm for 4 min. 
Test tubes were left undisturbed to obtain two clear separated 
layers. A volume of 5.0 mL of aqueous layer was transferred to 
a test tube, and incubated in boiling water bath (SUB Aqua 18 
Plus; Grant Instruments) for 30 min. The red coloured superna-
tant was decanted and its absorbance was measured spectro-
photometrically (UV-2700; Shimadzu Corporation) at 532 nm 
in a 1-cm light path. All measurements were run in triplicates.
Estimation of induction time of fat extracted from milk 
fortified with WPC–Fe complex 
The induction time of the fat extract was estimated using 
Rancimat (Metrohm Rancimat Model 743; Herisau, Switzerland) 
according to the method of Pawar et al. (22). The oxidative sta-
bility was expressed as induction time (h). A stream of air was 
bubbled into completely melted fat extract (3 g) in a reaction 
vessel placed in an electric heating block. Effluent air contain-
ing volatile organic acids from the sample was collected in a 
measuring vessel containing double distilled water (60 mL). The 
conductivity of the water was measured automatically during 
the oxidation process. Induction time of anhydrous milk fat 
made from control and milk fortified with WPC–Fe complex and 
an iron salt sample was measured. A mass of 3.0 g of anhydrous 
milk fat from different samples was weighed accurately. Tem-
perature of heating blocks was set at 120 and 130 °C and a con-
stant air flow rate (20 L/h) was maintained throughout the run. 
Peroxide value of fat extracted from milk fortified with 
WPC–Fe complex 
A mass of 1 g of molten fat was weighed accurately into a 
250-mL stoppered Erlenmeyer flask. Then, 20 mL of mixed sol-
vent (glacial acetic acid/chloroform, 2:1, V/V; (Sigma Aldrich, 
Merck) were added and the flask was then swirled until the fat 
dissolved, followed by the addition of 0.5 mL of saturated KI 
(Sigma Aldrich, Merck, St. Louis), then finally kept undisturbed 
for 1 min. The mixture was heated in a boiling water bath (SUB 
Aqua 18 Plus; Grant Instruments) up to boiling and the tip of 
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the flask was closed with a finger after vapours started to form 
and boiling was continued for 30 s. Generated vapours were 
condensed under stream of running tap water. A volume of 
25 mL of distilled water was added, followed by 0.5 mL of 1 % 
starch indicator (KI; Sigma Aldrich, Merck). At this point dark 
blue/brown colour appeared. The mixture was then titrated 
against 0.001 M Na2S2O3 (Sigma Aldrich, Merck) until disap-
pearance of colour. Blank without sample was also run simul-
taneously. The peroxide value (PV) in mmol of peroxide per 
kg of fat was calculated as:
 PV
Na S Os b=
-( )× ( ) × ×V V c
m
2 2 3 1000 8  /3/
where Vs (mL) is the volume of Na2S2O3 required for titration 
of sample, Vb (mL) is the volume of Na2S2O3 required for titra-
tion of blank, c(Na2S2O3) is the concentration (mol/L), and m 
is the mass of sample (g).
Free fatty acid content of fat extracted from milk fortified 
with WPC–Fe complex 
A mass of 5.0 g of ghee was accurately weighed in a 250-mL 
conical flask. In a second flask, 50 mL of ethanol (Sigma Aldrich, 
Merck) were heated to boiling point and while still above 70 °C, 
it was neutralised with 0.1 M NaOH (Sigma Aldrich, Merck) 
solution using phenolphthalein (Sigma Aldrich, Merck) as an 
indicator. The neutralised alcohol was poured into the flask 
containing ghee. The contents were brought to boiling tem-
perature in a boiling water bath (SUB Aqua 18 Plus; Grant In-
struments). The solution, while hot, was titrated against 0.1 M 
NaOH solution, shaking vigorously during titration. The end 
point of the titration was perceived when the addition of a sin-
gle drop produced a slight but definite colour change which 
persisted for at least 15 s. The FFA content was expressed as 










where V is the volume of 0.1 M NaOH (mL), and m is the mass 
of the sample (g).
Statistical analysis
The results were expressed as mean value±standard error 
of the mean. Significance was tested by employing one-way 
analysis of variance (ANOVA) and Fisher’s least significant dif-
ference test. For computation of data, SAS® Studio v. 5.1 soft-
ware (24) was used.   
RESULTS AND DISCUSSION
Sensory analysis of milk fortified with WPC–Fe complex
The overall sensory scores were 95.95, 95.69, 92.23 and 
91.16 for milk samples fortified with WPC–Fe complex contain-
ing 10, 15, 20 and 25 mg/L of iron, respectively, as compared 
to 96.58 obtained for control milk (data not shown). Statisti-
cally, the control and the milk samples fortified with up to 15 
mg/L of iron were significantly similar (p<0.05) in all sensory 
aspects, i.e. colour and appearance, odour, taste, mouthfeel 
and total scores. There were visible changes in colour, odor 
and taste of milk samples fortified with WPC–Fe complex con-
taining above 15 mg/L of iron compared to the control milk. 
Hence, further study of milk fortified with WPC–Fe complex 
was restricted to up to15 mg/L of iron.
Heat stability of toned milk fortified with WPC–Fe complex 
The heat stability as heat coagulation time of control milk 
and milk fortified with iron and WPC–Fe complex was deter-
mined at their natural pH and after the pH value adjustment 
from 6.4 to 7.0 with 0.1-unit intervals using NaH2PO4 and Na2H-
PO4 (Fig. 1). It was evident from the result that heat coagulation 
time of toned milk and that of the fortified milk at their natu-
ral pH (6.75, 6.61 and 6.67, respectively) and (140±1) °C was: 
25.70, 22.99 and 25.90 min, respectively. It was observed from 
the heat coagulation time vs pH curve that the maximum was 
on the acidic side of the natural pH of the milk, i.e. at 6.50 for 
all the samples. It was also observed that the heat coagulation 
time of milk fortified with iron salt (γ(iron)=15 mg/L) was lower 
than of milk fortified with WPC–Fe complex (γ(iron)=15 mg/L) 
and control milk at all the pH levels studied. 
Fig. 1. Heat coagulation time at 140 °C and different pH values: a) con-
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Thus, it could be inferred that the addition of iron (15 
mg/L) in the free form to milk had a detrimental effect on its 
heat stability, while WPC–Fe complex (with the same concen-
tration of bound iron) did not adversely affect the heat stabil-
ity of the milk and could be processed at high temperatures 
without any visible aggregation or coagulation. This could be 
due to negligible change in initial pH (from 6.75 to 6.67) of 
milk after the addition of WPC–Fe complex. Gaucheron et al. 
(25) also reported that heat treatment of iron-supplement-
ed skimmed milk containing 1.5 mM iron at 95 °C for 30 min 
caused no visible coagulation or aggregation. Sachdeva et al. 
(19) also found that the addition of iron(III) diphosphate and 
iron(III) gluconate hydrate at the concentration of 25 mg/L 
of iron to milk did not significantly alter its heat coagulation 
time compared to that of control milk. Shilpashree (26) also 
reported that fortification of milk with up to 30 mg/L of iron 
in the form of lyophilised WPC–Fe complex did not alter its 
heat coagulation time. 
Colour parameters of milk fortified with WPC–Fe complex 
Colour is an important criterion for acceptability of foods 
when fortifying with iron fortificants. Colour of control and milk 
fortified with iron as iron salt and as WPC–Fe complex was esti-
mated after 24 h of storage at 4–5 °C. The differences in colour 
(sample minus control) for different colour profiles were also de-
scribed in terms of ΔL, Δa and Δb (Fig. 2). It was observed from the 
results that fortification of milk with iron salt significantly affected 
(p<0.05) its colour profile compared to the control and milk with 
WPC–Fe complex. The ΔL, Δa and Δb values of milk fortified with 
iron salt were −1.74, −0.56 and −2.3, which indicated the change 
in colour of milk to dark, green and blue, respectively (Fig. 2). In 
the case of milk fortified with WPC–Fe complex, there was a neg-
ligible increase in the value of ΔL, Δa and Δb, i.e. −0.82, −0.19 and 
−0.13. Raouche et al. (27) stated that the addition of FeCl3 into 
the milk alters the colour parameters of milk towards more red 
and yellowish, whereas of FeCl2 towards more red, yellowish and 
greyish. Raouche et al. (28) also reported that fortification of milk 
with iron or its individual segments such as casein and whey pro-
tein always leads to change in colour. There are some contradic-
tory reports available which stated that there is no alteration in 
colour upon the addition of iron into milk. Douglas Jr et al. (29) 
stated that fortification of chocolate milk with iron(III)ammonium 
citrate and iron(III) diphosphate at the iron concentration of 10 
mg/L resulted in the darkening of chocolate milk which could be 
due to the difference in natural colour of milk and chocolate milk. 
Sachdeva et al. (19) also reported that milk fortified with iron(III) 
diphosphate, iron(II) gluconate hydrate and vitamin A at 25 mg/L 
of iron had no significant effect on the change of all colour pa-
rameters of milk. Shilpashree et al. (8) also found that milk forti-
fied with lyophilised WPC–Fe complex at 30 mg/L of iron did not 
significantly alter the colour parameters of milk.
Rennet coagulation time of the milk fortified  
with WPC–Fe complex 
Rennet coagulation time of control milk and milk fortified 
with iron salt and WPC–Fe complex (γ(iron)=15 mg/L) was de-
termined (Fig. 3), and that of milk fortified with iron salt was sig-
nificantly higher (1.93 min; p<0.05) than that of the control and 
WPC–Fe complex fortified milk (1.57 and 1.55 min, respective-
ly). The rennet coagulation time of milk fortified with WPC–Fe 
complex was comparable (p<0.05) with that of the control milk. 
Gaucheron et al. (25) stated that an increase in the concentra-
tion of FeCl2 or FeCl3 in skimmed milk increased the rennet 
clotting time and aggregation time, and decreased the curd 
firmness. They also reported that the iron has no effect on the 
primary phase of rennet coagulation, suggesting that: (i) chy-
mosin was probably not changed by iron ions, (ii) κ-casein, hav-
ing one or two phosphoseryl residues per molecule, was un-
changed, and (iii) the preferential binding of iron to αs1-casein 
























Fig. 2. Colour differences (sample minus control) for different colour 
parameters (L, a and b) of milk fortified with WPC–Fe complex com-
pared to the milk fortified with iron salt. Samples designated with 
different letters were significantly (p<0.05) different
Fig. 3. Rennet coagulation time of control milk, and milk fortified with 



























Curd tension of the milk fortified with WPC–Fe complex 
The effect of WPC–Fe complex fortification on the curd 
tension of milk compared to that of the milk fortified with 
iron salt was determined and the results are presented in Fig. 4. 
Curd tension of milk fortified with iron salt was significantly 
lower (p<0.05) than of the control milk and milk fortified with 
WPC–Fe complex. 
It has previously been reported that the curd firmness of 
skimmed milk fortified with FeCl2 and FeCl3 decreased due 
to the alteration in the secondary (aggregation of paracasein 
micelles) and tertiary (gel formation) phases by modifications 
of molecular interactions between paracasein micelles in the 
presence of iron ions (25). This indicated that WPC–Fe complex 
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reduced the reactivity of iron to alter milk system adverse-
ly when fortified with iron at the concentration of 15 mg/L. 
Therefore, it could be inferred that cheese preparation from 
milk fortified with WPC–Fe complex would not interfere with 
rennet activity and hence with the firmness of cheese curd.
milk enhanced iron bioavailability, which was higher when milk 
was fortified with lactose–iron complex than with iron salt. El-
lis et al. (39) described a concept of absorption of iron in which 
keeping the solubility of iron at lumi nal surface was the first 
step for absorption. In fact, the iron in the form of WPC–Fe com-
plex showed better bioaccessibility than that from iron salt and 
the importance of proteins during digestion of iron has been 
well described. Thus, it could be concluded that fortification of 
milk with iron in the form of WPC–Fe complex enhanced the 
bioaccessibility of added iron by keeping it soluble under the 
intestinal conditions. 
Storage study of the milk fortified with WPC–Fe complex
Changes in sensory acceptability of milk fortified with  
WPC–Fe complex during storage compared to milk  
fortified with iron salt 
The overall sensory scores obtained for control milk, milk for-
tified with WPC–Fe complex and iron salt at the beginning and 
on the 3rd, 5th and 7th days of storage are presented in Table 
1. It is evident that milk fortified with iron salt received signifi-
cantly lower (p<0.05) scores for sensory aspects such as odour, 
taste, mouthfeel and total scores than control milk through-
out the storage period. However, it showed significantly low-
er (p<0.05) scores for colour on the 5th day onwards than the 
control. Milk fortified with WPC–Fe complex showed non-signif-
icant differences in all sensory aspects (colour and appearance, 
odour, taste, mouthfeel and total scores) compared to the con-
trol throughout the sensory period (from day 0 to day 7). The 
results of sensory analysis after the 7th day of storage revealed 
that the milk fortified with WPC–Fe complex had good sensory 
acceptability for 7 days. However, the total sensory scores of milk 
fortified with WPC–Fe complex and control milk samples showed 
slight but statistically significant difference on the 7th day. From 
these results, it could be concluded that the sensory aspects of 
milk fortified with WPC–Fe complex were almost comparable to 
those of control milk up to 7 days. No data is available regard-
ing the effect of storage on sensory acceptability of milk fortified 
with WPC–Fe complex. However, Douglas Jr et al. (29) studied 
the effect of different iron salts, including whey protein–iron(III) 
polyphosphate complex fortification, on colour and flavour of 
chocolate milk during storage for 14 days at 4 °C. They reported 
that all samples including whey protein–Fe complex produced 
little or no off-flavour in chocolate milk initially or after 7 and 14 
days of storage as compared to the control. Xia and Xu (40) for-
tified fluid whole milk with iron(II) sulfate liposomes (γ(iron)=15 
mg/L) and after one week of storage at 4 °C they observed that 
control and fortified milk were very stable without any signs of 
precipitation and coagulation, and fortified milk did not differ 
greatly from the control milk in colour and flavour. Ayyadurai et 
al. (41) also reported that no noticeable changes in flavour and 
acceptability scores were observed in milk fortified with iron(III) 
ammonium citrate and vitamin A after seven days of storage at 
5 °C. Wang and King (42) reported that milk fortified with iron(III) 
ammonium citrate (γ(iron)=15 mg/L) was as stable as control 
Fig. 4. Curd tension (expressed as mass in g) of control milk, and milk 
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Comparison of in vitro bioaccessibility of iron from milk 
fortified with WPC–Fe complex or iron salt
The in vitro bioaccessibility of iron (γ(iron)=15 mg/L) from 
milk fortified with WPC–Fe complex compared to that of the 
milk fortified with iron salt was examined using in vitro simulat-
ed gastrointestinal digestion system. The bioaccessibility of all 
the samples showed a significant difference (p<0.05) from each 
other. Bioaccessibility of iron from milk fortified with WPC–Fe 
complex ((85.23±2.58) %) was significantly higher (p<0.05) than 
that of the milk fortified with iron salt ((72.15±3.52) %); data not 
shown. Among the most important reasons for lower bioavail-
ability of iron from milk and milk products is the inhibitory ef-
fect of calcium and casein (30–32). Jackson and Lee (33) report-
ed that human studies showed better bioavailability of iron in 
human milk due to the presence of lower amounts of casein, 
phosphate and calcium. They also reported that the definite 
causes for the difference in iron bioavailability between human 
and cow’s milk have not been identified. Hurrell et al. (30) also 
reported the inhibitory effect of caseins on the absorption of 
iron in an in vitro analysis. However, they also described that 
the hydrolysis of proteins (casein and whey protein) and the 
presence of digested peptides positively correlated with the 
proportion of dialyzable iron. Kibangou et al. (34) also report-
ed that casein inhibits iron absorption in humans, but protein 
hydrolysis lowers this effect. Turnlund et al. (35) studied in vivo 
and in vitro bioavailability of iron from cereal-based products 
and suggested that the absorption of iron from cereal-based 
diets was neither enhanced nor inhibited by the addition of 
milk. Saxena and Seshadri (36) revealed that the addition of 
milk to cereal products enhanced the in vitro bioavailability of 
iron significantly (p<0.001). 
Ranhotra et al. (37) studied the bioavailability of iron in pas-
teurised and homogenized cow's milk by the haemoglobin de-
pletion–repletion technique using rats. They reported that milk 
or milk components did not adversely affect the bioavailabili-
ty of added iron. Sharma (38) reported that iron fortification of 
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without statistically significant differences in flavour after 7 days 
of storage. They also stated that the addition of iron(III) ammo-
nium sulfate and iron(III) chloride resulted in detectable oxidized 
flavour after 7 days of storage and their flavour scores were sig-
nificantly different from control. Demott (43) reported that iron(I-
II) diphosphate and iron(III) phosphate (added at γ(iron)=5.2 and 
10.4 mg/L, respectively) caused only minor off-flavours in whole 
and skimmed milk after 5 days storage at 4 °C. 
Changes in viscosity of milk fortified with WPC–Fe complex 
during storage as compared to that of milk fortified with 
iron salt 
Changes in viscosity of control and milk fortified with 
WPC–Fe complex compared to that of milk fortified with iron 
salt during storage are shown in Fig. 5.
Control milk and milk fortified with WPC–Fe complex 
showed significant changes (p<0.05) in viscosity on the 7th 
day of storage, whereas milk fortified with iron salt showed 
significant difference (p<0.05) on the 5th day of storage. Gau-
cheron et al. (44) reported that there was protein coagulation 
at 4.0 mM of iron salt, which could possibly affect the viscosi-
ty of fortified milk. However, in the present work milk samples 
fortified with WPC–Fe complex showed viscosity comparable 
to control, which might be due to the unavailability of iron to 
affect milk proteins, especially caseins. Our results are in agree-
ment with those of Shilpashree et al. (26), who also reported 
Fig. 5. Effect of storage at temperature between 4 and 7 °C on the 
viscosity of milk fortified with WPC–Fe complex compared to milk 
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Table 1. Sensory scores of milk fortified with WPC–Fe complex during storage in comparison to that of milk fortified with iron salt
Characteristic Maximum score Control milk
Milk fortified with
Iron salt WPC–Fe complex
Sensory scores on day 0 of storage
Colour and appearance 10   (9.60±0.08)a (9.4±0.1)a (9.6±0.1)a
Odour 20 (19.5±0.1)a (17.0±0.2)b (19.1±0.1)a
Taste 40 (38.8±0.2)a (35.7±0.2)b (38.5±0.1)a
Mouthfeel 30 (28.7±0.2)a (28.1±0.1)b (28.5±0.2)a
Total score 100 (96.6±0.6)a (90.2±0.4)b (95.7±0.5)a
Sensory scores on the 3rd day of storage
Colour and appearance 10   (9.5±0.1)a (9.2±0.1)a (9.4±0.1)a
Odour 20 (19.2±0.2)a (16.1±0.2)b (18.5±0.2)a
Taste 40 (38.4±0.3)a (33.3±0.3)b (38.0±0.4)a
Mouthfeel 30 (28.5±0.3)a (27.1±0.3)b (27.8±0.2)a
Total score 100 (95.7±0.4)a (85.7±0.6)b (93.8±0.5)a
Sensory scores on the 5th day of storage
Colour and appearance 10   (9.3±0.2)a (9.0±0.1)b (9.1±0.2)a
Odour 20 (18.5±0.1)a (15.5±0.3)b (18.1±0.2)a
Taste 40 (38.0±0.2)a (29.2±0.5)b (37.0±0.3)a
Mouthfeel 30 (27.1±0.3)a (24.1±0.4)b (27.1±0.4)a
Total score 100 (93.0±0.4)a (77.9±0.6)b (91.3±0.5)a
Sensory scores on the 7th day of storage
Colour and appearance 10 (9.01±0.1)a (7.04±0.1)b (8.51±0.1)a
Odour 20 (17.5±0.1)a (14.1±0.2)b (16.8±0.2)a
Taste 40 (35.5±0.2)a (27.3±0.2)b (35.3±0.2)a
Mouthfeel 30 (26.7±0.2)a (22.2±0.3)b (25.4±0.4)a
Total score 100 (88.8±0.5)a (70.7±0.4)c (86.0±0.5)b
Data are presented as mean value±standard error of the mean (N=15). Mean values within the row with different lower-case letters in superscript 
are significantly different (p<0.05) from each other
that lyophilised WPC–Fe complex (30 mg/L) did not significant-
ly affect the viscosity of milk up to the 5th day of storage.
TBA value
The extent of lipid oxidation of fat extracted from milk for-
tified with iron salt and WPC–Fe complex (γ(iron)=15 mg/L) 
was evaluated during storage period (at the beginning and 
on the 3rd, 5th and 7th day) and compared with that of the 
control milk fat sample, and the results are shown in Fig. 6a.
There was a significant difference (p<0.05) in the TBA val-
ue of fat extracted from control milk and that of the milk for-
tified with WPC–Fe complex even on the 3rd day of storage. It 
was evident (Fig. 6a) that TBA value of fat extracted from iron 
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salt-fortified milk was slightly higher, i.e. 0.021, than that of 
fat extracted from control milk and WPC–Fe complex-fortified 
milk, i.e. 0.014 and 0.015, respectively at the beginning of stor-
age. The higher TBA value of iron salt-fortified milk fat may be 
due to the pro-oxidant effect of free iron, which acts on milk 
fat and induces lipid oxidation. Wang and King (42) reported 
that there was an increase in TBA value of milk when fortified 
with iron(II) sulfate. WPC makes iron unavailable to react with 
milk fat, thus inhibiting lipid oxidation to some extent.
Peroxide value
Peroxide value is the measure of hydroperoxides formed 
during autoxidation. Fig. 6b gives the peroxide values of fat 
extracted from all the milk samples including control milk, and 
milk fortified with iron salt and WPC–Fe complex (γ(iron)=15 
mg/L). It is evident from the results that there was non-sig-
nificant difference (p>0.05) in peroxide value of fat extracted 
from control milk and milk fortified with WPC–Fe complex. 
The peroxide value of fat extracted from WPC–Fe complex 
fortified milk was significantly lower (p<0.05) than that of 
milk fortified with iron salt. The peroxide value of fat extract-
ed from WPC–Fe complex fortified milk was comparable to 
the control milk fat up to the 5th day of storage. This demon-
strated the protective effect provided by the complex on ox-
idation of fat by the iron salt. Hwang et al. (45) and Yi et al. (46) 
also reported the protective effect of WPC on oxidative sta-
bility of fish oil as indicated by decrease in the formation of 
primary and secondary lipid oxidation products. This may be 
due to the free sulfhydryl groups and aromatic amino acids 
in the whey proteins, which can act as free radical scavengers 
contributing to the antioxidant activity. Sachdeva et al. (19) 
have also reported that addition of iron(III) diphosphate and 
iron(II) gluconate at iron concentration of 25 mg/L in a com-
plex with vitamin A increased the peroxide value of milk fat 
significantly on the 3rd day of storage. 
Free fatty acid content
Free fatty acids are formed by action of lipase on tri-
glycerides and are indicators of hydrolytic rancidity. Fig. 6c 
shows the free fatty acid content of fat extracted from control 
milk, and milk fortified with iron salt and WPC–Fe complex 
(γ(iron)=15 mg/L). It is evident from the results that free fatty 
acid content of the fat extracted from milk fortified with iron 
salt was significantly (p<0.05) higher than that from control 
milk and WPC–Fe-fortified milk up to the 5th day of storage. 
Free fatty acid content of control milk fat was lower (0.16 %) 
than that of fat from milk fortified with iron salt and WPC–Fe 
complex (0.20 and 0.17 %, respectively) on the 7th day.
Induction time
The oxidative stability of the fat extracted from milk forti-
fied with iron salt and WPC–Fe complex at the concentration 
of iron 15 mg/L after 7 days of storage at refrigerated tem-
perature (4–7 °C) was evaluated using Rancimat. Fat extrac-
tion conditions for control milk sample were the same. Fig. 7 
shows the induction period of different fat samples at 120 and 
130 °C. It is evident that induction period (17.08 h at 120 °C and 
7.77 h at 130 °C) of fat extracted from iron salt-fortified milk 
was shorter than of that extracted from control milk (26.52 h 
at 120 °C and 12.32 h at 130 °C) and WPC–Fe complex-fortified 
milk (26.06 h at 120 °C and 11.95 h at 130 °C). This indicated 
that the addition of iron to milk as WPC–Fe complex reduced 
the catalytic activity of iron and maintained the oxidative sta-
bility of fat extract similar to control under accelerated oxida-
tion conditions. Shilpashree (26) also reported that fortifying 
milk with lyophilised WPC–Fe complex (γ(iron)=30 mg/L) did 
not significantly (p>0.05) affect the oxidative stability of fat.
Fig. 6. Effect of storage (at temperature between 4 and 7 °C) on: a) thio-
barbituric acid (TBA) value expressed as absorbance at λ=523 nm, b) 
peroxide value (PV), and c) free fatty acid (FFA) content of ghee prepared 
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CONCLUSIONS
Milk fortified with 15 mg/L of iron in the form of whey pro-
tein concentrate–iron (WPC–Fe) complex showed high heat sta-
bility and good sensory acceptability compared to that of the 
milk fortified with FeSO4. In vitro bioaccessibility of iron from 
the milk fortified with WPC–Fe complex was higher than that 
from milk fortified with FeSO4. Thus, it could be inferred from the 
study that the milk fortified with spray-dried WPC–Fe complex 
could deliver iron to all age and social groups without causing 
any change in their food consumption patterns, with minimal 
effect on sensory acceptability, physicochemical characteristics 
and shelf life, thus alleviating the prevalent iron deficiency.
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